Abstract: This paper considers power control for log-normal fading channels. A rate based power set point control model and associated performance measures are introduced. The value function of the stochastic optimal control is a viscosity solution to the associated HJB equation and is approximated by smooth functions. Finally, by introducing multi-objective indices, we give a game theoretic formulation to the dynamic power optimization problem.
INTRODUCTION
Power control in cellular telephone systems is an important design task for the minimization of energy requirements at the user level and in order to insure a constant or adaptable Quality of Service (QoS) in the face of cellular telephone mobility and fading channels. This is particularly crucial in CDMA (code division multiple access) systems where individual users are identified not by a particular frequency carrier and a particular frequency content, but by a wideband signal associated with a given pseudo-random number code. In such a context, the received signal of a given user at the base station views all other user signals, as well as other cell signals arriving at the base station, as interference or noise, because they both degrade the decoding process of identifying and extracting a given user's signal. Thus, it becomes crucial that individual mobiles emit power at a level which will insure adequate signal to noise ratio at the base station. More specifically, excess levels of signalling from a given mobile will act as interference on other mobile signals and contribute to an accelerated depletion of cellular £ Work supported by NCE-MITACS Program 1999-2002 and NSERC Grants 1329-00, 1361-00. phone batteries. Conversely, low levels of signalling will result in inadequate QoS. In fact, tight power control is indirectly related to the ability of the CDMA base station to accommodate as many users as possible while maintaining a required QoS.
Extensive research has been done on power control for static models which largely ignore the dynamics of channel fading as well as mobility, see (Viterbi A.M. and Viterbi A.J., 1993; Wong, 1999, 2000; and references therein) . In this paper, the modelling and analysis of power control strategies employs wireless models which are time-varying and subject to fading. Specifically, we consider log-normal fading channels. Motivation and background information on power control for log-normal fading channels can be found in (Huang et al., 2001b) .
The paper is organized as follows: in Section 2 we propose the optimal control formulation of the CDMA power adjustment where the performance function is intended to reflect power minimization objectives under signal to noise ratio constraints. In Section 3, we analyze the singular HJB equation associated to this stochastic control problem and suboptimal approximation of the value function, and Section 4 contains of the -th mobile by the so-called rate adjustment model (Huang et al., 2001a,b) 
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ANALYSIS OF THE OPTIMAL CONTROL AND APPROXIMATION OF THE VALUE FUNCTION
We will analyze the optimal control problem in terms of the state variable § ¤ P v F
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We modify (3.4) by adding a perturbing term and formally carrying out the minimization to get is the value function of (3.1).
NUMERICAL IMPLEMENTATION OF THE SUBOPTIMAL CONTROL LAW
We consider two mobiles with i.i.d. channel dynamics
The approximation equation (3.5) takes the form:
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are the pointwise ideal powers obtained from (2.8). Figures 2-3, Figures 4-5 show the results for Cases 1, 2, respectively. Figure 6 shows the value function surface. When at the initial time one mobile has a high power and the other has a low power, we see that an interesting equalization phenomenon takes place as shown in Figure 4 . At the beginning the controller will first make the mobile with a high power reduce power and the other one increase power, and after a certain period both mobiles will increase power together. This happens because when the power difference of two mobiles is big, more penalty is caused in the performance function. 
5. DECENTRALIZATION AND A GAME THEORETIC APPROACH Essentially, in the stochastic optimal control framework, the performance (in terms of the SIR level and power consumption) of each mobile is influenced indirectly by its control, since the control actions of the mobiles are coordinated by a centralized cost function. Thus, to increase flexibility of individual mobiles to adjust their own performance, it is quite natural to introduce individual costs for each mobile, and this potentially helps develop decentralized optimization for networks.
Now we introduce the multi-objective optimization approach for the power control problem and give a game theoretic formulation. The reader is referred to (Orda and Shimkin, 2000; Yaiche et al., 2000; Sun and Wong, 2000) for game theoretic approaches to rate, power control, and network service allocation for static models. In practical systems, it is important to implement control strategy in a decentralized manner, i.e., each mobile user adjusts its power based on its local information concerning the network. This can significantly reduce information exchange efforts among users and base stations and thus reduce system running costs. And based on these aspects, it makes sense to place emphasis on decentralized games.
Here we also call a control as a policy or strategy. The control is taken from an admissible control set ² to be defined appropriately. Write
and for user , we define its objective function as
Each user chooses its control to minimize its cost index. Sometime we omit § 7 ¤ r v ¦ in Ã ¥ when there is no ambiguity. For illustrating a decentralized power adjustment strategy, as an example, we define the decentralized admissible control set as
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We write the caused by all the other users and the system thermal noise. So each user utilizes its own power and attenuation history as well as the interference it receives to determine its power adjustment. This gives a decentralized control strategy. It is of interest to determine each mobile user's power by considering other information structure which is locally accessible and can efficiently reflect network information. In a practical system, bit error rate (BER) could be useful local information. The following gives a simple relation between the optimal control under centralized cost and centralized information, and the Pareto optimal strategy with respect to individual costs for each agent and centralized information. The additive form of the centralized cost function immediately yields the following result. . (See (Sun and Wong, 2000) on reshaping equilibrium set by pricing). We note that even if only varies and is fixed, the control input process will be forced to change since the two components of the state vector are interacting. We term the feedback pair § ¤ P as a (Nash) equilibrium in a generalized sense.
For this example, finite horizon cost indices with time varying linear feedback can also be considered, and the existence of DIPO equilibria can be analyzed. But the computation should be more complex. We remark that it is an important issue to determine an appropriate decentralized information and controller structure to make efficient use of local information for each user and meanwhile keep the computation of DIPO equilibria relatively simple.
CONCLUSION
We have studied rate-based stochastic optimal power control for CDMA systems and its suboptimal approximation. By introducing individual costs for each agent (mobile) to replace the centralized cost in the stochastic optimal control framework, we present a game theoretic formulation for the power control problem. A comparison between the two approaches would be of interest and will be investigated in future work.
